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术（FCM），以 DiOC6(3)为探针， Escherechia coli （E.coli）和具有重要生




1）准备材料：DiOC6(3) 工作液 (1mM), PBS 缓冲液, 取样管, 移液器等。 
2）用标准小球校正流式细胞仪。 
3）设置流式细胞仪上的恒温装置。 







































Measurement of Membrane Potential in Aquatic 




As a functional parameter, membrane potential (MP) is related to substrate 
assimilation, ATP generation, cellular component synthesis, bacterial autolysis, etc., 
reflecting physiological viability and ecological function of aquatic microorganisms. 
MP is thus a very important parameter for environment and ecological studies. 
 
There are a number of approaches for MP determination, including patch clamp, 
isotope labels, spectrofluorometry and flow cytometry (FCM). Given the tiny size of 
aquatic microbes, and desired statistical analysis of natural samples, FCM approach 
has several advantages over the others, such as high analysis rate, low detection limit, 
high sensitivity, etc. 
 
So far, studies on MP are mainly focused on medicinal science and no report on 
marine science. The present study was aimed at establishing techniques of 
FCM-based MP measurement for aquatic microbes and applying the techniques to 
monitoring responses of aquatic bacteria to environmental changes. DiOC6(3) was 
chosen as the probe. Red ( 610±12nm)  and green fluorescence (503nm±19nm ) 
signals were treated ratiometrically to avoid the effects of cell size on membrane 
potential measurement. An unidentified E. coli strain isolated from the Furong lake, 
Xiamen University and an isolate of the Aerobic Anoxygenic Phototrophic Bacteria 
（AAPB）from the East China Sea were used as the freshwater and seawater 
representative models.  
 
The basic procedures of the flow cytometry approach for determination of aquatic 














1) Preparation of materials: DiOC6(3) work solution (1mM), PBS buffer, 
sampling tubes, pipettes etc. 
2) Calibrate the flowcytometer with standard beads. 
3) Set up the temperature control device on the flowcytometer. 
4) Collect cell samples, dilute the concentration to about 10 6 cells/ml, add with 
10uM DiOC6(3) to the sample and incubate it for about 25 min under constant 
temperature in the dark.  
5）Adjust the sampling pressure and sheath pressure of the flowcytometer, and 
acquire red and green fluorescence data under adequate conditions. Attention should 
be paid to the consistence of settings and the stability of the machine. 
 
The above protocol is applied to monitoring the membrane potential responses of 
an E. Coli strain and an AAPB strain to variable environmental conditions during 
batch culture and continuous culture time courses. The results showed that, the 
FCM-based ratiometric technique is capable of indicating differences of MP between 
different species, MP changes of a single species at different physioliogical phase of a 
cell cycling period, as well as response of MP to environmental changes, such as 
nutrient availability, temperature, PH, and so on. The FCM-based determination of 
MP in aquatic bacteria is thus proved to be reliable and useful. 
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Membrane system ensures the stability of a variety of metabolic processes and 
complex reactions in cells. Cell membrane plays a key role in keeping membrane 
permeability, recognizing and communicating between the cells (Hong, 1994). 
In most living cells, differences between interior and exterior concentrations of 
ions such those of as sodium, potassium, hydrogen and chloride, generate an 
electrical difference in electronic charge across the membrane, which is called 
membrane potential (MP). The ion pump that mainly generates MP in animal cells 




Figure 1. Proton Pump 
 
1.1 Roles of membrane potential 
 
Static cells normally maintain a membrane potential, with the interior negative 
with respect to the exterior of cytoplasm and mitochondrion. Membrane potential is 














have no organelles with membrane such as mitochondrion. Membrane potentials are 
only kept in their cytoplasmic membranes. Membrane potential is intimately involved 
in the proton motive force and some processes such as bacterial autolysis, glucose 
transport et al (Novo, 1999). It is also implicated in key events in cell physiology, for 
example, initiation of DNA replication and overflow metabolism, which are tightly 
correlated with changes in the environmental conditions of the bacterial cells. In the 
chief energy transfer organelle —— mitochondrion, membrane potential is much 
higher than plasma membrane potential. It has been observed to change during the 
early stages of surface receptor-mediated activation processes related to the 
development, differentiated function, pathology, and envisioned as “second 
messengers” mediating responses to cell surface ligand-receptor interactions 
(Robinson, 1999). MP is also an indicator of cell viability and a criterion of aquatic 
environment, a means to classification of ecological populations. 
 
1.1.1 Indicator of cell viability 
 
Microbial food web, in which high ecological efficiency and rapid nutrient update 
make possible the utilization of organic detritus and ultramicroorganisms by the 
organisms in high trophic levels, possesses a significant position in natural aquatic 
ecosystem. We must point out that, considerable part of bacteria and phytoplankton 
are not dead but have no physiological viability, so they can not efficiently take part in 
the metabolism and circulation of substance. At this point, assessment of cell viability 
is crucial to accurate determination of metabolic rate of organisms and cycle flux of 
substance. We have recently demonstrated variable cell viability of bacteria in the 
Yangtze River estuary by viability assessment using epi-fluorescence microscope. 
Cell viability is most commonly determined by the plate count method, but the time 














probes, researchers developed rapid methods e.g., determination of membrane 
integrity, enzyme activities, respiration, membrane potential and intracellular pH. 
Breeuwer et al. (2000) discussed these in detail. Furthermore, in many cases, 
especially in field, cell fixation is necessary because of the limitation of instruments, 
security and convenience consideration. But the cells died after the fixation, so it is 
impossible to determine viability parameters, although we can measure cell dry 
weight and DNA content etc. under the condition. An approach, which can be made to 
obtain the previous information about cell viability after fixation, will be very 
interesting. Fortunately, it might become reality soon, since Molecular Probes has 
developed MitoTracker probes——a series of mitochondrion-selective stains that are 
concentrated by active mitochondria and well retained during cell fixation and 
permeabilization. 
 
1.1.2 Criterion of aquatic environment 
evaluation 
 
Membrane potential is relevant to environmental factors and suitable for a 
criterion of aquatic environment. It has been reported that membrane potential of 
bacteria increases or decreases after adding or removing nutrients (e.g. glucose) in the 
media, changing temperature or pH, respectively (Lopez-Amoros, 1997; Novo et al., 
1999; Jiao and Button, 2001). In optimum culture conditions, membrane potential 
increases rapidly from lag phase to before mid-exponential phase and decreases 
regularly after the mid-exponential phase (Monfort et al, 1995; Wickens, 2000). The 
phenomenon relates to available nutrients in media. Membrane potential reflects the 
physiology of cells themselves, the ability of absorbing nutrients, and the changes of 
environment, so we can probably establish the relations between membrane potential 














Red tide / bloom is harmful to ecosystem, fishery resources and human health. 
Although researchers have focused on this topic for years, it is still not clear about the 
mechanisms for most cases. The basic processes (beginning, developing, maintaining 
and dying out) are similar to the changes of membrane potential on bacterial growth. 
Why only few organisms to beget red tide easily? This might be one of the causes: 
membrane potential threshold levels of these organisms are lower than that of the 
others and sensitive to some stimuli (or substrates), so they can easily uptake and 
available substance, resulting in rapid DNA replication and reproduction, and thus  
forming preponderant populations . The stimuli here refer to the changes of 
environmental factors in the interior and exterior of cells e.g., nutrient and metal ion 
concentrations in aquatic environment, temperature, CO2 concentration in atmosphere, 
etc.. The rapid increase in organic detritus, which is a source of food, probably 
induces the leap of Noctiluca scintillans. In addition, abnormal increase in other 
organisms from the aquatic area, such as some bacteria or virus, may also stimulate 
red tide species efficiently. Therefore, tracking membrane potential of harmful bloom 
organisms and seeking relationship between nutrient uptake and growth of cells and 
environmental factors (e.g. temperature, light) (Viviani R, 1992), may probe into the 
trigger and the process of harmful bloom. Comparing membrane potential of red tide 
organisms and that of relative organisms, the response in membrane potential to 
different nutrients and other environmental factors, may understand the interaction 
between organisms themselves and their environment. The physiological and 
ecological studies on membrane potential on red tide organisms, at least, will provide 
an important means and new insight into the mechanisms. 
 
















Different microplankton cells maintain different typical membrane potentials, 
which can be applied in classification of ecological populations. Due to the 
requirement of cell permeabilization or the presence of sufficient metabolic 
activity/ribosomal target material, the methods of bacteria identification such as 
morphology, different nutritional requirements, different metabolic reactions, 
serological and genetic methods, are of limited use in functional assessment of the 
cells (Nebe-von-Caron et al., 2000). For vital staining of bacteria, we thought that all 
bacteria, or at least all Gram-negative cells, would behave essentially the same way as 
Escherichia. coli. But the truth is that different dyes are taken up differently, even 
dyes which could be expected to behave similarly from a chemical point of view 
(Walberg et al., 1999). The fact that different bacteria react so differently to different 
dyes may conceivably be exploited as a means of identification (Steen, 2000). In 
addition, the specialty of substrate selection suggests that: the studies on membrane 
potential response to different substrates will provide the information about cycle 
paths and flux of target elements, and the roles of different microplankton in the 
aquatic ecosystem.  
 
Studies on membrane potential of the microbes which are the principal 
component of aquatic life is thus critical to accurately estimate metabolic rate of 
aquatic ecosystem and substance circulation flux and to understand which part of the 
microorganisms is actually the effective contributor, and how much is the contribution 
in the total flux. 
 
1.2 Methods of membrane potential measurement 
 

















Figure 2. Patch clamp 
 
A capillary electrode (Patch clamp, figure 2) filled with salt solution, the diameter 
of the tip of which is less than one micrometer, can be attached to the surface of cell 
membrane. After close join, the resistance between the interior and the exterior of 
microelectrode attains to 1×109 ohm. Due to absolute insulation and relatively low 
resistance of capillary, voltage can be directly put on the capillary. Subsequently, the 
currents on the membrane can be determined through an amplifier. The method, 
which has been wide applied in animal physiology, can obtain absolute value of 
membrane potential. But the probability of success is slime for microplankton such as 
microalgae and bacteriaplankton, because the making of such microelectrode is too 
difficult, the demand of manipulation is strict (e.g. the movement of cells in water), 
and the microelectrode disturbs natural status of organisms easily. Thus, for the time 
being, it is not suitable to track membrane potentials of these organisms by this 
means. 
 
















Membrane potential may be indirectly determined by radioisotope method and 
spectro photometry.  
Radioisotope method for membrane potential estimation uses radiolabeled 
lipophilic cationic indicators (e.g. TPMP+). A known volume of cells in suspension 
were equilibrated with the indicator; the intracellular and extracellular indicator 
concentrations were calculated from a determination of the amount of cell-bound 
indicator done by scintillation counting of the cells after washing to remove unbound 
indicator (Shapiro, 1995); membrane potential then was calculated from the 




where F is the Faraday, ∆Ψ  is the membrane potential, R is the gas constant, T 
is the temperature in degrees Kelvin, [C+]i is the concentration of the indicator inside 
the cells, and [C+]o is the concentration of the indicator outside the cells. 
Hoffman JF et al. (1974) estimated membrane potential in cell suspension in a 
spectrofluorometer. It depended on quenching of the fluorescence of intracellular dye 
—— assumed that all of the fluorescence measured in the cell suspension was coming 
from free dye in solution, or at least that the contribution of cell-associated dye to the 
total fluorescence signal remained constant. Firstly, the dye concentration in the 
suspension requires high enough. As a result of quenching, when the cells were 
hyperpolarized, increasing cellular uptake of dye, the fluorescence of the suspension 
decreased further; when the cells were depolarized, releasing dye into the medium, the 
fluorescence of the suspension increased (Shapiro, 1995). Then membrane potential 
was calculated from standard curve and the fluorescence values measured.  
But these methods have several disadvantages: time consuming due to low rate of 
measurement; probe consuming due to high concentration required; easy perturbation 
to natural status of the cells; incapability of detecting, quantifying small MP changes 



























Figure 3. Flow cytometry 
 
Some challenges are presented by the heterogeneity of microbial populations, 
even in pure cultures derived from a single organism (Shapiro, 2000). Microelectrode 
can determine membrane potential of single cell; the measurements are performed in 
bulk using radioisotope and spectrofluorometer and yield a mean value for a mixed 
population of cells. Single-cell analysis by flow cytometry provides the best, and, in 
most cases, the only means of charactering the differences in membrane potential and 
heterogeneity within populations. And the sorting capacity of some cytometers allows 
the transfer of specific populations or even single cells to a determined location, thus 
allowing further physical, chemical, biological or molecular analysis. Furthermore, 
the main advantages of flow cytometry are the high sample throughput and 
automation (vives-Rego, 2000). Obviously, flow cytometry has many advantages in 
the estimation of membrane potential on microplankton (Table 1). 
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Mean value of membrane 















Slow Slow Rapid 
Consumption 
of dyes 
No Great Little 
Capacity of 
sorting 
No No Yes 
Disturbance 
in organisms  
Sharp Strong Little 
References Tasaki and 
Byrne, 1993 
Bakeeva et al., 1970 ；
Hoffman JF, 1974 
Novo et al., 1999 
 
Determination of membrane potential by flow cytometry is done using 
fluorescently labeled cationic or anionic lipophilic probes (e.g. DiOC2(3), DiBAC4(3)) 
(table 2). Positively charged lipophilic dyes will be concentrated inside cells that 
maintain membrane potential, while negatively charged lipophilic dyes will be 
excluded (Shapiro, 2000). The differences of membrane potential and the lipophilicity 
of the dye also affect the distribution inside and outside the cells. These distributional 
probes cannot be used to monitor the faster changes that occur during the propagation 
of action potentials in tissues such as nerve and muscle, but they may be suitable for 
detection of slow changes in membrane potential and require some time to 
equilibrium (several seconds to minutes). The lipophilicity of the probes enables them 
to pass easily across the membrane. Their distributions inside and outside of the cells 
are determined by a flow cytometer (Figure 3). First, single-cell suspension is 
equilibrated by the dyes and injected into flow chamber under pressure. Due to the 














cell line intersects vertically with the laser and is excited to generate fluorescence. 
Optical systems are placed at the direction of intersection for the collection of the 
fluorescence signals. Finally, combined with other optical parameters, membrane 
potential is calculated. 
Rhodamine 123 was the first probe used to assess membrane potential in living 
cells (Johnson et al., 1980) and has both poor sensitivity and poor specificity (Salvioli 
et al., 1997). The use of JC-1 can be both qualitative and quantitative: Due to the 
membrane potential changes, it causes shifts in emitted light from ~530 nm (i.e., 
emission of JC-1 monomeric form) to ~590 nm (i.e., emission of J-aggregates) when 
excited at 488 nm. The concentration in mitochondrion and maximum fluorescence of 
JC-1 depend on mitochondrial membrane potential and function (Smiley et al., 1991), 
so it is usually used in the estimation of mitochondrial membrane potential. But like 
other dyes, JC-1 also has its limitations (e.g. the time of equilibrium is relatively 
long). 
Monfort et al. (1996) investigated membrane potential during the growth of 
Escherichia. coli They found that membrane potential varied with the different phases 
of the growth during the cell cycle and concluded that DiOC6(3) is an adequate probe 
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